In this paper, a radio-over-fiber (RoF) design for wireless local area networks (WLANs) on the 5GHz radio frequency band is proposed as an effort to alleviate radio frequency spectrum scarcity and allow frequency re-use. The design incorporates two multiplexing schemes, subcarrier multiplexing (SCM) for increasing the efficiency of radio frequency in the last mile, and MDM for converging several sets of radio subcarriers from different locations into a high-speed optical signal through a single multimode fiber backbone. The effects of different radio channel spacing on the system performance were investigated. A total throughput of 19.5 Gb/s is achieved, 6.5Gb/s per each of the three radio channels.
INTRODUCTION
5G radio services call for ultra-high carrier frequencies to provide substantial bandwidth and coverage, in addition to high base station densities. Contrary to previous fourth wireless radio network generations, to achieve this, convergence of radio interface and spectrum with optical interface and spectrum is inevitable for provision of high data rates and seamless coverage to subscribers.
By 2020, the new generation of mobile network 5G is to become a reality [1] . A target data rate of 1000 times the current 4G data rate [2] can be achieved through the combined three approaches below comprising [7, 8] : a) Densification and offloading to enhance the area spectral efficiency b) Increased bandwidth by using the unlicensed millimeter wave (mmW) spectrum c) Increased spectral efficiency, by trying to offload the current exploited frequency spectrum below 6 GHz The frequency spectrum currently used by 4G networks operators will reach its spectrum efficiency limits [6] . To achieve 5G data rates, discovering effective ways that facilitate the reuse of unlicensed frequency spectrum efficiently in conjunction with multiplexing strategies is considered the key challenge in planning for the next network generation [7, 8] .
To cope the mentioned issue of spectrum scarcity, many access network technologies such as radio-overEmail: baseem@scis.gov.iq fiber (RoF) have transpired and evolved in the last few years to compensate for mobility of optical fiber networks and the spectrum scarcity of radio networks.
ROF FOR 5G NETWORKS
RoF is a technology by which light is modulated by the radio signal and it transported via an optical fiber cables to wireless access cells like LTE as shown in Fig. 1 .
The escalating hunger for more bandwidth and limited number of existing lower frequency bands below 6GHz require more advanced systems in order to use the frequency bands more effectively and introduce economic system distribution. Next 5G network systems have to deliver significantly higher data rates, even at cell margin level, by reusing pre-installed BS sites and the prelicensed / unlicensed frequencies so far by adopting RoF. Some benefits of the RoF technology are low attenuation loss, large bandwidth, reduced power consumption, dynamic resource allocation [10] . Pico-cells have been introduced to wireless networks as a cost-effective strategy for improving cellular coverage and and delivering high data capacity to difficult or covered places such as inside buildings or highly dense users areas which are challenging for traditional macrocells [11] . Pico-cell in conjunction with RoF can play the main role to overcome the issue of current network capacity drawback and deliver extremely high network traffic [10] .
OPTICAL MULTIPLEXING FOR SCM IN ROF
In SCM, several radio subcarriers are multiplexed over an optical carrier, which are then multiplexed through a single optical fiber. Significant progress in SCM has been demonstrated using multipath interference compensation through various filter designs, either through pre-distortion at the transmitter [12] [13] [14] [15] or feedback equalization at the receiver [16] [17] [18] . Data rates of 10 Gb/s have been achieved using SCM [19] . Primary motivations of RoF are to maximize the data rate, extend the distance between communication nodes and upgrade the transmission accuracy [20] . The first two objectives may be achieved by various optical multiplexing schemes. The various schemes in which the optical carriers are multiplexed for SCM in RoF are TDM, WDM, OFDM, and OCDMA. In [21] , an advanced hybrid SCM-TDM access solution has been demonstrated and experimentally achieved. It is established on the transmission of 2.5 Gbps SCM downstream and 1.25 Gbps upstream using colorless reflective Optical Network Unit (ONU). A research is adopted by Full Service Access Network (FSAN) Group to design a Next Generation Passive Optical Network (NG-PON2) system, which it can support a high bandwidth optical network systems to saturate and handle the current hungry for higher bandwidth. The aim is to deliver bandwidth of at minimum 40 Gbit/s downlink and 10 Gbit/s uplink [22] . A conducted research [23] adopting SCM-OCDMA by using simulations of a subcarrier multiplexing optical code-division multiple-access (SCM-OCDMA) system in conjunction with selective mode excitation of LP01 and LP02 modes in multimode fiber, have demonstrated the achieved delivery of data at 2.4 GHz for two users over optimized bandwidth and bit error rate (BER) of six channels.
Despite the rigorous efforts in exploring new multiplexing strategies for SCM, mode division multiplexing (MDM) is a new domain and has never been used in conjunction with SCM. A novel contribution of this work is to demonstrate the feasibility of SCM-MDM for alleviating radio frequency spectrum scarcity using Hermite-Gaussian (HG) modes through a single multimode fiber (MMF). Secondly, the effects of different radio subcarrier spacings on SCM-MDM using HermiteGaussian (HG) modes will be analyzed.
METHODOLOGY
A new SCM-MDM model for RoF using HermiteGaussian (HG) modes was designed and simulated in OptiSystem as shown in Fig. 2 . The SCM-MDM model comprises two conjunct communication systems, the radio part and the optical part. The radio part of the system adopts SCM for multiplexing several radio subcarriers from different picocells, whereas the optical part will adopt MDM for converging several sets radio subcarriers from different locations through a single multimode fiber (MMF). In addition to the high bandwidth viable through MDM, MDM also effectively reduces the effect of modal dispersion by confining the propagation constants of each channel.
Nine independent data streams were subcarrier multiplexed onto three sets of radio subcarriers at 500MHz, 1000MHz and 1500 MHZ, each set amplitude modulated at a center frequency of 5260 Hz, 5760 MHz and 5825MHz respectively. The 5GHz is unlicensed and The nine SCM amplitude-modulated radio subcarriers were modulated using three Mach-Zander optical modulators at 6.5 Gb/s using non-return-to-zero modulation driven by three spatial continuous wave (CW) lasers at a wavelength 850 nm. The lasers generate four different sets of HG modes of 4 µm spot size as independent channels to achieve the mode division multiplexing. The electric fields of the Hermite-Gaussian modes, Hlm are described by [24] 
where m and n represent mode dependencies on the x-and y-axes, R is the radius of curvature, o is the spot size; Hm and Hn are the Hermite polynomials. Two sets of Hermite-Gaussian modes, namely Group 1 (HG0 2, HG2 1, H1 1) and Group 2 (HG2 2, HG1 0, H1 1), are used. The optical signal is fed to optical amplifier before it is launched into a MMF. The MMF spans up to 300 m between the base station (BS) and the central station (CS), with a core radius of 25µm and clad radius of 10 µm, a peak refractive index profile of 1.4142, and an attenuation of 1.5 dB/km.
The three modes were selected using spatial light modulators and a circular aperture of 5 µm to extract three HG modes allocated for each AM-SCM radio channel. Three spatial photo detectors then demodulated the optical signal in each of the three receiver channels to retrieve the transmitted electrical AM-SCM signal.
The radio receiver side is represented by the three band-pass filters, which were configured at cut-off frequencies of 5825MHz, 5260MHz, and 5760 MHz respectively with a band-pass bandwidth of 1.25 multiple of the bit rate to allow the desired electrical signals to be demodulated by the last part in the network.
RESULTS AND DISCUSSION
Three radio subcarrier spacings of 150MHz, 500MHz, and 1000MHz were investigated while preserving all other system parameters. Fig. 3, Fig. 4 and Fig. 5 show the BER, Q-Factor, and eye-height of the SCM-MDM system for different subcarrier spacings for HG modes HG 0 2, HG2 1, and H1 1. The receiver side contains three AM de-modulators configured to demodulate the received signals of carrier frequencies 5825 MHz, 5260 MHz, and 5760 MHz respectively. The amplitude de-modulators have low-pass-filter cut-off frequencies of 4500 MHz. The collected results are summarized in Table 1 showing the BER, Q-factor and eye height for the different radio channel spacings. The comparison shows that a spacing of 150MHz is the most effective, followed by a spacing of 500MHz and 1000 MHz. For radio subcarrier spacing of 150MHz, a BER of 2.5 x 10 -31 is obtained with highest quality factor (Q-Factor) of 11.58 while maintain higher value of eye opening of 5.9 x 10 -4 volt. When the subcarrier spacing is wider, the signal quality deteriorates, possibly due to interference with other radio frequencies. 
CONCLUSIONS
A RoF system utilizing AM modulation for SCM in conjunction with HG modes for MDM over a MMF length of 300 meters connecting adjacent pico-cells demonstrate successful 19.5 Gb/s data transmission with acceptable BER, Q-factor and eye-height. Comparison of eye diagrams, subcarrier spacing, BER and Q factor conclude that a subcarrier spacing of 150 MHz is the most optimal, followed by 500 MHz and 1000 MHz. The model is useful for mitigating poor indoor wireless signal reception in highly congested areas.
